Stoichiometric crystals of LiNbO 3 were grown by the Czochralski technique from a congruent melt with 6 wt% of K 2 O flux dopant. The crystals were always single domain irrespective of the seed history. Analysis of the domain structure at the seed-crystal boundary reveals a domain inversion in certain cases. During crystal growth, self-poling of initially unpoled congruent LiNbO 3 seeds was observed. It is thought that the monodomain nature of the crystals is attributed to the reduction of native defects due to their stoichiometric Li-Nb composition. © 1997 American Institute of Physics. ͓S0003-6951͑96͒04152-6͔
͑Received 22 July 1996; accepted for publication 24 October 1996͒ Stoichiometric crystals of LiNbO 3 were grown by the Czochralski technique from a congruent melt with 6 wt% of K 2 O flux dopant. The crystals were always single domain irrespective of the seed history. Analysis of the domain structure at the seed-crystal boundary reveals a domain inversion in certain cases. During crystal growth, self-poling of initially unpoled congruent LiNbO 3 seeds was observed. It is thought that the monodomain nature of the crystals is attributed to the reduction of native defects due to their stoichiometric Li-Nb composition. © 1997 American Institute of Physics. ͓S0003-6951͑96͒04152-6͔
In the past few years, there has been increasing interest in the development of high quality stoichiometric lithium niobate ͑LiNbO 3 ) for electro-optic and acousto-optic modulators, second harmonic generators and integrated optics applications. [1] [2] [3] [4] [5] This is due to the occurrence of practical problems like dc drift and optical damage due to the photorefractive effect with crystals grown from a congruent melt. The cause of such problems is associated with stoichiometric defects arising from Li 2 O deficiency in the crystal. 6 To improve the device characteristics, two main approaches have been adopted to solve this problem. The first one is by MgO doping 2, 3 and the second approach is growth from Li 2 O rich melts. 5, [7] [8] [9] [10] [11] However, it is difficult to grow uniform highly MgO-doped crystals 12 or stoichiometric crystals from Li 2 O rich melts due to segregation phenomena 13 . Recently, it was demonstrated through extensive work that LiNbO 3 grown from a congruent melt with the addition of K 2 O results in stoichiometric crystals with practically no incorporation of potassium. [14] [15] [16] [17] [18] For device applications, apart from the stoichiometric composition, poling is another stringent requirement of the crystals. In the past, there have been large volumes of work on the behavior of ferroelectric domains and poling techniques of LiNbO 3 . 19, 20 The present work focusses on the domain behavior in stoichiometric LiNbO 3 grown from melts containing K 2 O. The aspects of crystal stoichiometry and homogeneity will be dealt with qualitatively.
The details of the experimental setup used for the crystal growth and the conditions used for controlling diameter are described elsewhere. 21 Crystals with diameters of 14 mm and lengths of 45 mm were grown by employing a rotation rate of 30 rpm and a pulling rate of 0.5 mm/h. The melt was contained in a Pt crucible and consisted of a congruent composition of LiNbO 3 ͑synthesized powder͒ and 6 wt% K 2 O. Congruent seeds with orientation along the c axis were used. Three different configurations of seeds were used during the growth. In the first set of experiments, unpoled seeds were used. In the second and third series, poled seeds with the positive and negative sides of the polarization facing the melt respectively were employed. The seeds were poled in a separate experimental setup designed for poling by application of an electric field near the curie temperature of LiNbO 3 . The dimensions of the rectangular seeds were 4ϫ4ϫ15 mm. No electric field was used at the growth experiments to obtain single domain crystals for a congruent composition with unpoled seeds. After termination of the growth experiments, the crystals were sliced perpendicular to the growth axis, mechanically polished with Buehler alumina powder with 0.5 micron mesh and etched in HF:HNO 3 ͑1:2͒ at 110°C for 10 min to reveal the domain structure in the wafers. A Zeiss optical microscope or secondary electron microscope was used to observe the domain pattern in the wafers. Optical absorption measurements were performed to confirm the stoichiometric nature of the crystals using a commercial Hitachi U-3501 spectrometer. The measurements were carried out at room temperature.
Typical optical absorption spectra of crystals grown from the present melt is shown in Fig. 1 . For the sake of comparison, the spectrum of a crystal grown from a congruent melt without K 2 O is also shown. Földvári et al. 22 have studied the dependence of the optical absorption edge of LiNbO 3 on the composition of a single crystal. The absorption edges, derived from Fig. 1 , for the stoichiometric and congruent crystals are 310.6 and 322 nm respectively. It is worth pointing out that, in the stoichiometric crystals, there was no noticeable shift in the absorption edge in spectra recorded at different positions along the length of the crystal. This implies a compositional homogeneity of the grown crystals. rived at after detailed experimentations. ͑i͒ The domain structure in the crystal remains unaffected by the domain structure of the seed, although one might expect that, in the ferroelectric transition, the domain memory of the seed would restore its domain structure, which will be inherited as the Curie isotherm moves along the crystal. ͑ii͒ When crystals are grown with either a positive or negative direction of the poled seed facing the melt, or when they are grown from a poly-domain structure, the crystal invariably has a monodomain structure with the positive direction of polarization always towards the seed as shown in Fig. 2 . ͑iii͒ Most interesting, the poly-domain seed gets poled automatically during growth with domain polarization as indicated in Fig.  2͑b1͒ . A close examination of the seed-crystal boundary reveals a domain inversion for the two configurations shown in Figs. 2͑b1͒ and 2͑b2͒.
Another interesting thing that was always observed is the presence of helical rings on the surface of the seeds that appear like cracks superimposed with slanted planar structures with respect to the growth axis. This was always the case when crystals were grown from K 2 O containing melts irrespective of whether a poled or an unpoled seed was used. A typical seed ͑which is optically clear initially͒ after growth is shown in Fig. 3 . These resemble a combination of domain structures in crystals grown from less pure material that are in form of rings 20 and layers lying parallel to the growth surface and the spiral domain structure. It should be pointed out that the inside bulk of the seed remains clear and does not exhibit the spiral rings or other features mentioned above. We speculate that the poling of the unpoled seed is due to diffusion of lithium at high temperatures from the stoichiometrically grown crystal to the congruent seed which creates a space charge electric field ͑Ref. 23 and references therein͒. Moreover, since the geometry of the seed is rectangular with different crystallographic directions along each face, the change in the original domain pattern is influenced in different degrees by the imposed space charge field. It is worth mentioning that such morphology of the seeds is not observed when crystals are grown from Li 2 O rich melts, where again lithium can diffuse from the crystal to the seed. This implies that the observed phenomenon is related to either to the presence of K 2 O or to the low growth temperature in these cases. To completely understand this phenomenon, a detailed analysis of the domain pattern of the seed in different directions is required. Further characterization work on understanding the domain structure in the seed after growth is underway.
The magnified images of the domain inversion region at the seed-crystal boundary region is shown in Fig. 4 . When a congruent unpoled seed or a poled seed with positive polarization facing the melt is used ͓Figs. 2͑b1͒ and 2͑b2͔͒, a domain inversion takes place. On the other hand, no such inversion is seen when a poled seed with negative polarization faces the melt ͓Fig. 2͑b3͔͒. Thus the bulk of crystals always is oriented with positive polarization towards the seed. As shown in Fig. 4a , the bulk wafer cut from just below the seed reveals a circular negative domain enveloped by a positive domain. On the opposite side of the wafer, a positive domain can be seen as a circle enclosed by negative domain ͓see Fig 4͑b͔͒. This demonstrates the typical domain inversion. The inner circular region seen in Figs. 4͑a͒ and 4͑b͒ is of the dimension of the seed. With a further increase in the length of the crystal, the negative outer domain increases in area as shown in Fig. 4͑c͒ and ultimately a single domain is obtained. The length of this domain inversion region is typically of the order of one millimeter. The fact that there is no domain inversion in the case when the negative polarization of the poled seed faces the melt ͓Fig. 2b͑3͔͒ and the domain inversion in the other cases clearly indicates that growth of mono-domain crystals with positive polarization always pointing toward the seed is thermodynamically favoured as was also observed before for congruent crystals grown with poled seeds. 20 It may be argued that, in the case of growth using a K 2 O flux dopant, the crystal growth tem- perature as determined from the phase diagram 24 is below the curie temperature and hence one should always expect a single domain nature. However, extensive experiments using K 2 O flux and transition metal and rare earth dopants with the same growth conditions have shown that this is not the case.
To give an example, we would like to point out that Hf or Er doped LiNbO 3 grown from a congruent melt containing K 2 O exhibit a poly-domain nature even though the fact that the growth temperature is below the Curie transition. The structure of defect complexes in the final crystal plays a significant role in determining the domain structure. This topic is under investigation and will be reported later elsewhere.
From a technological point of view, the results of the present work clearly show that the addition of K 2 O into a congruent melt has many advantages. First, one can obtain homogeneous stoichiometric crystals which is not possible with Li 2 O rich melts due to lithium segregation and interface breakdown by supercooling. Second, the crystals grown from K 2 O melts are always single domain. This eliminates the complicacy of seed cracking or melt electrolysis due to the applied electric field during or after growth in obtaining mono-domain crystals.
In conclusion, it was found that single crystals of LiNbO 3 grown from a congruent melt with the addition of K 2 O give stoichiometric crystals with a mono-domain nature which are two essential criteria for device grade substrates. From a crystal growth point of view, this technique is the simplest and the yield is the maximum. Several interesting phenomena like ferroelectric domain inversion at the seedcrystal boundary region, self-poling of unpoled seeds and the appearance of complicated structures on the surface of seeds were observed. The last observation requires a detailed analysis in order to understand the origin of such defects.
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